Changes in cell density and osmotic fragility of erythrocytes during exercise were determined in 3 control (Group C) 
Laboratory of Animal Physiology, Tokyo University of Agriculture, 1-1, Sakuragaoka 1 chome, Setagaya-ku Tokyo 156-8502, 2 Japan Livestock Technology Association, 9-20 Yushima 3 chome, Bunkyo-ku, Tokyo 113-0034 and 3 Equine Research Institute, Japan Racing Association, 321-4 Togami-cho, Utsunomiya, Tochigi 320-0856, Japan Boucher et al. [1] suggested that osmotic fragility of the erythrocytes of racehorses was increased with exercise by the release of erythrocytes from the spleen into the circulation, whereas Smith et al. [13] observed that exercise decreased the osmotic fragility of red cells. Hanzawa et al. [7] reported that the frequent accumulation of erythrocytes in the spleen accelerated the membrane fragility in horses, and that heavy exercise increased red cell fragility for physical and chemical stresses, but light exercise decreased it, regardless of whether or not erythrocytes were released from the spleen into the circulation. Hanzawa and co-workers [4] also found that heavy exercise increased erythrocyte density in normal horses but not in splenectomized horses. The density of red cells in other normal horses at rest increased according to the in vivo aging of the erythrocytes, but osmotic fragility of red cells decreased [9] . These results suggest that denser red cells were released from the spleen into the circulation during heavy exercise and showed more osmotic resistance than lower density cells. The purpose of this study was to clarify the effects of splenic erythrocytes on the density and osmotic fragility of the circulating red cells during exercise. The changes in erythrocyte quality during exercise in normal and splenectomized Thoroughbred horses were compared.
Changes in cell density and osmotic fragility of erythrocytes during exercise were determined in 3 control (Group C) and 3 splenectomized (Group S) horses that performed an incremental exercise test on a treadmill until the point of fatigue. Venous blood samples were drawn before the start of the treadmill program, and immediately after the warm-up and the incremental exercise test. After the incremental exercise in Group C, red cells in both groups were swelled by washing with PBS regardless of exercise. Warm-up did not change the density of fractionated red cells that were separated by the method of Murphy in both groups of horses. In contrast, incremental exercise significantly increased the density of cells in Group C but not in Group S. The osmotic fragility of fractionated red cells was significantly lower in Group S than in Group C horses regardless of exercise. Warm-up significantly decreased the fragility, but incremental exercise significantly increased it in all fractionated

Materials and Methods
Horses: Six Thoroughbreds, five 2-year olds and one 5-year old, (3 males, 1 gelding and 2 females) weighing: 456 ± 15 (mean ± s.e.m.) kg were used. The spleen of 3 horses was surgically removed rather than extracted (Group S). In the sham-operated control horses only the 18th rib was removed and the incision sutured immediately (Group C) [4, 7] . These procedures were conducted at least two months before the exercise tests.
Exercise training: The horses were acclimated to a treadmill 5 times/week for 1 month before the exercise test as well as during the exercise test period. The acclimating regimen consisted of treadmill exercise at a 7% incline for approximately 15 min including 1 or 2 min of submaximal exercise, of which the running speed was 7-10 m/s.
Exercise test: The horses were exercised on the treadmill according to the following protocol: 4 min of warm-up at 4 m/s, 5 min rest (at 0% incline), 4 min walk at 1.5 m/ s, 2 min trot at 4.4 m/s and canter-to-gallop at three to four incremental speeds until the peak velocity (at 7% incline). The individual peak speed was determined by the physical strength of each animal which was estimated in a preliminary test with the same protocol, and was considered to be the 100% peak speed (100% PS) [4, 7] . The incremental exercise for Group C was defined as 1.5 min at 80% PS, 1 min at 90 and 100% PS, and for Group S as 1.5 min at 70% PS, 1 min at 80, 90 and 100% PS. The treadmill speed was increased by 5% of peak speed every min until the point of fatigue.
Heart rate (HR) was recorded throughout the study with a commercial computer [4] .
Blood samples were collected by jugular venepuncture from each horse into heparinised test tubes approximately 30 min before the start of the treadmill program, which was regarded as the resting condition, immediately after (within 30 s of) the warm-up, and after (within 30 s of) the incremental exercise test.
Blood lactate [La -] was measured with an automated lactate analyzer [4] .
Erythrocyte indices: The erythrocyte count (EC), packed cell volume (PCV) and haemoglobin concentration (Hb) were measured with a Toma-Zeiss blood cell counting plate, a microhematocrit centrifuge, and by the cyanmethaemoglobin method, respectively. Mean corpuscular constants (MCV, MCH and MCHC) were calculated from the measured values for EC, PCV and Hb, respectively.
The blood was centrifuged at 1450 g for 10 min, and then the plasma and buffy coat were discarded. The packed cells were washed three times with 10 vol. of icecold Dulbecco's phosphate buffered saline (PBS, pH 7.4, 279 mOsm/kg).
MCHC and MCV of the washed red cells (MCHCrc and MCVrc):
Washing in PBS may change the size of the erythrocytes, thus influencing MCV and MCHC, but not affecting the MCH. Therefore, the change in cell volume was estimated to be the same as in the previous paper [4] .
Erythrocyte separation based on density was performed by the method of Murphy [9, 11] . The erythroid resuspension containing 8 ml of packed cells and 2 ml of autologous plasma in a test tube was centrifuged at 20,000 g for 1 hr at 30°C. The packed erythrocyte mass was separately collected into six equal fractions from the top (fraction 1) to the bottom (fraction 6) by careful aspiration. Each fraction was washed three times with ice-cold PBS.
Erythrocyte density (ED, g/ml) was measured with the self-generated continuous density gradient of 75.6% Percoll solution (pH 7.5) according to the modified Wolowyk's method described by Hanzawa et al. [9] .
Osmotic fragility of the erythrocytes was determined by the haemolysis rate (HL, %) in a hypotonic salt solution (0.56%) with the equipment described earlier [8] .
Statistical analysis: Effects of splenectomy were analyzed by Student's t-test. Differences between red cells before (MCV, MCHC) and after (MCVrc, MCHCrc) washing were analyzed by a paired t-test. The effects of exercise and the differences among fractionated red cells were determined by one and/or two way analysis of variance (ANOVA), respectively. When the F statistic was significant, multiple comparisons of the means were made by the least significant difference method (LSD). Differences were considered significant at P<0.05. Values were expressed as the mean ± s.e.m.
Results
The running times during the incremental exercise test, running speed, HR and [La -] during the last step of the incremental exercise test in Groups C and S were 4.2 ± 0.3 and 4.5 ± 0.5 min, 10.3 ± 0.3 and 8.8 ± 0.2 m/s, 203.7 ± 3.6 and 219.7 ± 2.6 beat/min, and 8.7 ± 0.9 and 10.1 ± 0.7 mmol/l, respectively. The peak speed in Group S was significantly lower than in Group C, but the HR in Group S was significantly higher than in Group C. No significant differences were observed between Groups C and S in the running time or [La -]. Table 1 shows erythrocyte indices at rest, after warmup and after the incremental exercise test. No significant differences were observed between Groups C and S in any indices except MCVrc and MCHC at rest. Warmup and incremental exercise significantly increased the EC, PCV and Hb in Group C. In Group S, incremental exercise significantly increased the Hb, but did not change the EC or PCV. The EC, PCV and Hb after exercise in Group S were significantly lower than in Group C. Warm-up and incremental exercise did not change the MCV, MCH or MCHC in Group C. In Group S, incremental exercise significantly decreased the MCV, did not change MCH, but significantly increased the MCHC from the resting levels. The MCHC at rest in Group S was significantly higher than in Group C, whereas MCHC after exercise was significantly higher in Group S than in Group C. In Group C, but not in Group S, warm-up and incremental exercise significantly decreased MCVrc, but increased MCHCrc from the resting level. MCVrc at rest was significantly lower in Group S than in Group C, and conversely MCVrc after exercise in Group S was significantly higher than in Group C. Except after exercise in Group C, MCVrc in both groups was higher than MCV, but MCHCrc was lower than MCHC. Figure 1 shows the density of erythrocytes (ED) which were fractionated by the method of Murphy [11] . The increase in the number of fractions was associated with a progressive increase in ED in both groups. Warm-up did not change the ED of any fraction in either group. Incremental exercise significantly increased the ED in Group C from the resting level, particularly in fractions 3 to 6, but there was no change in Group S. There were no significant differences between the two groups in the ED of any fraction at rest or after warm-up. Meanwhile, after exercise, the ED in Group S was significantly lower than in Group C, especially, in fractions 4 to 6. Figure 2 shows the MCHCrc of fractionated erythrocytes. The increase in the number of fractions was associated with a progressive increase in the MCHCrc of both groups. Warm-up did not change the MCHCrc of any fraction in either group. Incremental exercise significantly increased the MCHCrc in Group C from the resting level, particularly in fractions 3 to 6, but there was no change in Group S. There were insignificant differences between the groups in the MCHCrc of any fraction at rest or after warm-up. After exercise, the MCHCrc in Group S was significantly lower than in Group C, especially, in fractions 4 to 6. Figure 3 shows the HL of the fractionated erythrocytes. The increase in the number of fractions was associated with a progressive decrease in the HL of both groups. The HL of all fractions was significantly lower in Group S than in Group C regardless of the exercise levels. Warm-up significantly decreased HL, but incremental exercise significantly increased it in all fractions of both groups. These increases in HL with exercise were greater than the differences in HL among the fractions.
Discussion
In the exercise test, the peak speed at exercise and EC, PCV and Hb after exercise in Group S was significantly lower than in Group C, whereas the maximum HR in Group S was significantly higher than in Group C. Therefore, it appears that exercise in Group S could be limited, since the total volume of red cells was lower in this group than in Group C, but there were no significant differences between the two groups in running time or [La -], suggesting that both groups performed the incremental exercise with similar intensity [4] .
Differences in MCV and MCHC before and after washing with PBS suggested that erythrocytes in Group S swelled after the washing regardless of exercise. Because the osmotic pressure of the PBS was lower than that of plasma, the washed erythrocyte volume was probably increased by an influx of water into the cells [4] . Therefore, the reason for the changes in erythrocyte indices during exercise in Group S could be the reversible shrinkage of the cells due to the loss of water as a result of an increase in the plasma osmotic pressure [10] .
Erythrocytes in Group C swelled after the washing also, but not after the incremental exercise by Group C. PBS were determined by the haemolysis rate in 0.56% NaCl during exercise in control (Group C) and splenectomized horses (Group S). P<0.05 was higher than the control value at the rest level. P<0.05 was lower than the control value at the rest level. W-up: after warm-up exercise; Inc-ex: after the incremental exercise test. N: non separation.
In Group C incremental exercise did not change MCV or MCHC, but significantly increased ED from the resting level. Since the erythrocytes which could be released from the spleen into the circulation with the incremental exercise were not swollen due to the washing. Geor et al. [2] reported that heavy exercise reduced ED and this change was associated with a significant increase in red cell volume. The cause of these discrepancies could be due, in part, to differences in the method of measurement of erythrocyte volume and density. Geor et al. [2] measured ED in blood samples adjusted to a PCV of 30% with autologous plasma by using the discontinuous density gradient of an arabinogalactan solution, and the determined the MCV of rapidly fixed red cells in glutaraldehyde. In our experimental data, incremental exercise significantly decreased MCV in Group S, but did not changed them in Group C. This suggested that the larger red cells were released from the spleen into the circulation during exercise in Group C.
Hanzawa et al. [9] reported that in each blood sample from both groups, the increase in ED was associated with a progressive decrease in osmotic fragility of red cells that was determined by the haemolysis rate (HL). This finding suggested that denser cells had resistance to some increase in cell volume caused by hypotonic pressure. In Group C incremental exercise increased the density of cells, but the HL of these cells was higher than that of the thinner cells from peripheral blood at rest and after warm-up, which is similar to Group S. The increases in HL from the resting level caused by incremental exercise in Group C were greater than those of Group S in all the fractions. The HL was significantly lower in Group S than in Group C regardless of exercise. These results suggested that erythrocytes released from the spleen during incremental exercise, but not at warm-up, show a stronger tendency to decrease the regulatory volume, which indicates osmotic sensitivity. During heavy exercise, the spleen contracts strongly and expels red cells which might be accumulated spontaneously in the organ. The stagnantly pooled erythrocytes in the spleen could deplete their energy source, ATP, decrease intracellular pH and accelerate membrane lipid alteration [1] . It was previously reported that a decrease in pH accelerates osmotic fragility and activates volume decrease regulated by KCl co-transporter on red cell membrane from several animals in an in vitro condition [3, 12] .
Warm-up significantly decreased HL, but incremental exercise significantly increased it in all fractions in both groups. In a previous report, with three repetitive loads of anaerobic incremental exercise, the resting level of HL was decreased by the repeated exercise but increased with the increase in speed during each exercise period [5] . Erythrocyte indices showed no significant change during the exercise [5] . Blood pH and temperature might influenced the changes in HL during exercise regardless of whether erythrocytes were released from the spleen into the circulation or not [5] [6] [7] 12] . This suggested that the sensitivities of the regulatory volume decrease and membrane fragility caused by exercise stress, and probably pH and temperature of the erythrocytes, are increased with the repeated accumulation in the spleen.
